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Background: Late bedtime is a common form of unhealthy sleep pattern in adulthood, which influences circadian rhythm, and
negatively affects health. However, little is known about the effect of regular late bedtime on skin characteristics, particularly on skin
microbiome.
Objective: To investigate the changes and effects of the regular late bedtime on skin physiological parameters and facial bacterial
microbiome of 219 cases of Chinese women aged 18–38 years living in Shanghai.
Methods: Based on the Self-Evaluation Questionnaire, bedtime was categorized as 11:00 PM; thus, the volunteers were divided into
early bedtime group (S0) and late bedtime group (S1). The physiological parameters of facial skin were measured by non-invasive
instrumental methods, and the skin microbiome was analyzed by 16S rRNA high-throughput sequencing.
Results: The skin physiological parameters of the late bedtime group exhibited significant decrease in skin hydration content, skin
firmness (F4) and elasticity (R2), while TEWL, sebum and wrinkle significantly increased. The result indicated that late bedtime
significantly impaired the integrity of skin barrier, damaged skin structure, and disrupted water–oil balance. Furthermore, the analysis
of α-diversity, Sobs, Ace and Chao index were found to significantly decrease (P < 0.05) in the late bedtime group, suggesting that late
bedtime reduced both the abundance and the diversity of facial bacterial microbiota. Moreover, the abundance of Pseudomonas
increased significantly, while Streptococcus, Stenotrophomonas, Acinetobacter, Haemophilus, Actinomyces and Neisseria decreased
significantly. In addition, Spearman correlation analysis revealed strong correlations between the microbiota and the physiological
parameters. Notably, the abundance of Pseudomonas significantly positively correlated with skin firmness and elasticity, but
significantly negatively correlated with skin hemoglobin content, melanin content and skin hydration.
Conclusion: Bedtime is an important factor in maintaining skin health. Regular late bedtime not only damages the skin barrier and
skin structure but also reduces the diversity and composition of facial bacterial microbiome.
Keywords: sleep, late bedtime, skin biophysical property, skin barrier, skin microbiota

Introduction
In modern society, sleep pattern is highly influenced by a large number of social and individual factors, such as
employment, gender, age, culture, race and ethnicity, and has great impact on health.1 Late bedtime has developed
into a new kind of sleep habit, and short sleep duration and low sleep quality have been found to be strongly linked with
both physical and mental problems,2–4 such as anxiety symptoms, dental caries, obesity, heart disease, high blood
pressure and diabetes.5–7

It has been reported that low sleep efficiency and chronically poor sleep quality are significantly associated with TEWL,
a direct indicator of skin barrier function.8,9 Meanwhile, contradictory results have been presented about whether sleep
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deprivation changes facial appearances measured both objectively and subjectively.10–13 Despite the fact that bedtime
procrastination, which was suggested to induce insufficient sleep,14 exists in a large proportion of the general population15

and causes physical illness,16 little is known regarding how regular late bedtime affects skin status.
Skin surface is covered with numerous microorganisms, and together with the physical barrier, they protect us from

the invasion of pathogens.17,18 When the delicate balance within this symbiotic system is disturbed, unfavorable
alteration of skin conditions or even skin diseases could happen, although it is still rather unclear which happens first,
the disturbance of such balance or the change of the skin status.19–21

Hence, in the current study, we aimed to investigate the underlying correlation between self-reported bedtime and
variability in skin physiological properties and skin microbiota. The results will further our knowledge of microbiota–
host interactions in the skin.

Materials and Methods
Subjects and Inclusion Criteria
This study was based on the investigation of the correlation between skin health status and skin and gut microbiota of
qualified volunteers living in Shanghai (aged 18–60, n = 494). This research was abided by the ethical guidelines of the
Declaration of Helsinki. Ethics approval was provided by the Institutional Ethics Committee of Shanghai Jiao Tong
University Affiliated Sixth People’s Hospital South Campus (Shanghai Fengxian District Central Hospital, Approval No.:
2021-KY-15). A written informed consent was obtained from each subject prior to sample collection. Volunteers had no
skin diseases and no antibiotics uptake within the last 3 months prior to the study. All volunteers needed to carefully
finish the Self-Evaluation Questionnaire, which included questions about their skin condition, life habits and physiology.
All skin parameters and microbial samples were collected in July 2021.

Considering that skin physiological parameters and skin microbiota are significantly influenced by gender, age and
skin site,22,23 data on the biophysical parameters and microbiota of the cheek from a total of 219 healthy women aged
18–38 years were included in this study. The sleep patterns of the volunteers were obtained through the Self-Evaluation
Questionnaire using questions including “At what time do you usually fall asleep on weekdays or workdays (hour, AM or
PM)?”, “At what time do you usually fall asleep on weekends or your non-work days (hour, AM or PM)?”, “How much
time do you usually sleep on weekdays and weekends (hour)?” and “Do you have sleep problems?”. According to several
sleep-related studies,7,24 it is generally believed that falling asleep after 11:00 PM belongs to late sleep time, so in our
study bedtime was classified as 11:00 PM, then the volunteers were divided into early bedtime group (S0) and late
bedtime group (S1). The basic information of the subjects in each group is summarized in Table 1.

Skin Physiological Parameters Collection
All subjects were required not to use skin care products and cosmetics after washing their faces the night before the
measurement and the day of the test. The measurements of the skin parameters were conducted in controlled conditions

Table 1 Basic Information of the Subjects in Each Group

Characteristics Early Bedtime Group (S0) Late Bedtime Group (S1) P

Total number of subjects, n 98(44.75%) 121(55.25%)

Distribution of age (yr) Min, Max 18–38 18–38

Age (yr), mean±SD 26.92±1.96 25.76±2.33 0.132
BMI (KG/m2), mean±SD 21.25±3.30 20.36±2.99 0.118

Skin type no. (%)

Dry 7(7.14) 6(4.96)
Neutral 23(23.46) 9(7.44)

Oily 14(14.29) 18(14.8)

Mixed 54(55.10) 88(72.73)
Sleep duration per day (h) 7.50±0.83 7.16±.75 0.002**

Note: **P < 0.01.
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(Temperature: 20–22°C; Relative humidity: 40–60%), and the subjects were required to sit in such conditions for 30
minutes prior to the tests.

The skin parameters were measured by different instruments (Courage + Khazaka electronic GmbH, Germany) as
follows: skin hydration in the stratum corneum (Corneometer CM 825); TEWL (Tewameter TM 300); skin sebum
(Sebumeter SM 815); skin pH (Skin-pH-Meter pH 905); skin glossiness (Glossymeter GL200); skin melanin and
hemoglobin (Mexameter MX 18); skin wrinkle, smoothness and roughness (Visioscan VC 98), skin elasticity (R2) and
firmness (F4) (Cutometer dual MPA580).

Skin Sample Collection
All subjects were not allowed to wash their faces on the day of skin microbial sample collection, and an 8-hour interval
between face washing and sample collection was required. Samples were collected from an area of 3*3 cm2 on the
cheeks by the swabs moistened with sterile collection solution (containing 0.9% NaCl and 0.1% Tween-20).25 The
sampling regions were swabbed approximately 30 times for at least 20 seconds. After collection, the samples were
immediately stored at −80°C for subsequent DNA extraction.

DNA Extraction and Illumina MiSeq Sequencing
Microbial genomic DNAwas extracted from skin swabs using the FastDNA Spin Kit (MP Biomedicals, USA) according
to the kit instructions. The V3–V4 hypervariable region in the 16S rRNA gene was amplified with upstream primer 338F
(5′-ACTCCTACGGGAGGCAGCAG-3′) and downstream primer 806R (5′-GGACTACHVGGGTWTCTAAT-3′). PCR
products were purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, USA) according to manufac-
turer’s instructions. Libraries were constructed using the NEXTFLEX Rapid DNA-Seq Kit (Bioo Scientific, USA), and
sequencing was performed using the MiSeq Reagent Kit (Illumina, USA) with the standard protocols by Majorbio Bio-
Pharm Technology Co. Ltd. (Shanghai, China).

Processing of Sequencing Data
The raw 16S rRNA gene sequencing reads were demultiplexed and quality-filtered by fastp (https://github.com/
OpenGene/fastp, version 0.20.0) and merged by FLASH (http://www.cbcb.umd.edu/software/flash, version 1.2.7).
Operational taxonomic units (OTUs) with 97% similarity cutoff were clustered using UPARSE (http://drive5.com/
uparse/, version 7.1), and chimeric sequences were identified and removed. The taxonomy of each OTU representative
sequence was analyzed by RDP Classifier (http://rdp.cme.msu.edu/, version 2.2) against the 16S rRNA database (eg Silva
v138) using confidence threshold of 0.7.26

The raw data from high-throughput sequencing were collated and filtered, and the validated sequences were obtained
for subsequent analysis. Approximately 5,694,129 valid sequences were obtained. All samples were flattened out
according to the minimum sequence number, and then in turn a total of 13,539 OTUs were obtained, belonging to 61
phyla, 1963 genera and 4389 species.

Statistical Analysis
All data are represented as mean ± standard deviation (X±SD) unless otherwise indicated. The statistical significance level
was 0.05 unless otherwise noted. One-way ANOVA (if the data present normal distribution) and non-parametric Wilcoxon
rank-sum test (if the data did not show normal distribution) were performed to compare biophysical parameters between the
two groups of subjects using SPSS 26.0 software (IBM, USA). Meanwhile, a non-parametric Wilcoxon rank-sum test was
used to compare microbial diversity and composition between the two groups. To compare the β-diversity between two
groups, Jaccard, Bray-Curtis, Unweighted distance metrics and Weighted distance metrics were used. The Spearman rank
correlation test was used to determine the Spearman correlation between the biophysical parameters and the abundance of
bacteria. These data were analyzed on the online platform of MajorbioI-Sanger Cloud Platform (www.i-sanger.com).
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Results
Characteristics of the Subjects
As we have known in Table 1, the proportion of late sleepers was up to 55.25% in our female volunteers. Obviously, late
bedtime is common in modern life. In our survey, volunteers had no sleep problems or disorders. The average age and
BMI between group S0 and S1 did not differ significantly. The distribution of skin types (dry, neutral, oily and mixed)
obtained from Self-Evaluation Questionnaire in each group was analyzed. Among participants, mixed skin accounted for
the most, and there was no obvious difference in the proportion of dry skin and oily skin between the two groups. The
proportion of mixed skin was higher in the S1 group (72.73%) than that in the S0 group (55.10%), while the S0 group
(23.46%) had more neutral skin type compared to the S1 group (7.44%). Average sleep durations in the two groups were
both more than 7 hours, which meant volunteers had relatively sufficient sleep time. Moreover, S0 group had
significantly longer sleep time than that in S1 group (P=0.002), so our study was different from previous studies,
which utilized short-term or long-term sleep deprivation method.10,12,13

Skin Physiological Parameters are Significantly Affected by Bedtime
The physiological parameters of the volunteers in groups S0 and S1 were measured and analyzed (Figure 1). Skin
hydration in the stratum corneum decreased significantly (Figure 1A, P = 0.023) in the late bedtime group, while TEWL
(P = 0.043) and sebum content (P = 0.045) increased significantly (Figure 1B and C). These demonstrate that late
bedtime could lead to skin barrier damage. Indeed, further analysis by dividing the subjects into 3 groups based on their
bedtime (at and before 22:00, n = 24; between 22:00 and 24:00, n = 96; and at and after 24:00, n = 99) showed that, along
with the delay of bedtime, skin hydration dropped progressively, as TEWL and sebum content displayed a gradual
ascending trend (Figure 2). Meanwhile, there was no difference in skin pH (5.14 ± 0.43 vs 5.11 ± 0.40, P = 0.501)
between the two groups, which suggested that regular late bedtime would not lead to acid–base imbalance on the skin
surface.

In the late bedtime group, elasticity (R2) and firmness (F4) values declined significantly (Figure 1F and G, P < 0.001),
while skin wrinkle (Figure 1H, P = 0.019) and skin roughness (3.37 ± 1.38 vs 4.30 ± 4.99, P = 0.013) elevated

Figure 1 Skin physiological parameters in early bedtime group (S0) and late bedtime group (S1). Significant differences were shown in the figure. (A) Hydration, (B) TEWL,
(C) Sebum, (D) Melanin, (E) Hemoglobin, (F) R2, (G) F4 and (H) Wrinkle. *P < 0.05, ***P < 0.001.
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significantly. Nevertheless, skin scale (0.61 ± 0.15 vs 0.58 ± 0.17, P = 0.392), glossiness (9.31 ± 2.49 vs 9.35 ± 2.71, P =
0.957) and smoothness (206.36 ± 69.59 vs 216.4 ± 62.78, P = 0.101) had no significant change. These results implied
that late bedtime would cause skin aging by damaging the skin tissue structure. Moreover, the content of hemoglobin
decreased significantly in volunteers that regularly go to bed late (Figure 1E, P = 0.049), but there was no dramatic
change in the melanin content (Figure 1D, P = 0.120). Hence, it seems that late bedtime would cause insufficient or poor
blood flow but probably would not substantially affect skin color.

Late Bedtime Leads to Alterations in Skin Microbiome
Late Bedtime Reduces the Number of OTUs
Venn diagram showed the numbers of common and unique OTUs in group S0 and S1 (Figure 3A). There were in total
9899 OTUs in S0 and 8165 OTUs in S1. Also, there were 4525 common OTUs between the two groups, while 5374
OTUs and 3640 OTUs were found only in S0 and S1, respectively. The results indicated that late bedtime would decrease
the total number of bacterial species on the cheek skin.

Late Bedtime Decreases the α-Diversity
The α-diversity between S0 and S1 groups was analyzed by Wilcoxon rank-sum test, and the results are shown in
Figure 3B–F. At the OTU level, the Sobs index (P = 0.003; Figure 3B), Ace index (P = 0.029; Figure 3C) and Chao
index (P = 0.003; Figure 3D) of the late bedtime group were significantly lower than those of the early bedtime group,
indicating a notable reduction in bacterial community richness in people with late bedtime. Also, albeit lack of statistical
significance, the Shannon index (P = 0.053; Figure 3E) and the Simpson index (P = 0.143) showed a decreasing and
increasing tendency in S1, respectively, indicating that the bacterial community diversity in the late bedtime group was
lower. The Coverage index was close to 1 in both groups (Figure 3F), indicating that the sequencing results could
represent the real situation of microorganisms in the sample. In other words, a late bedtime would reduce the community
richness and diversity of the skin microbiota.

No Difference of β-Diversity Between the Two Sleep Groups
In order to compare the β-diversity between people who went to bed early and late, Jaccard, Bray-Curtis, Unweighted
distance metrics and Weighted distance metrics were calculated (data not shown). Nonmetric multidimensional scaling
(NMDS) was plotted based on the metrics, and analysis of similarity (ANOSIM) was used to evaluate the difference
between the two groups. Using different calculation methods, the difference between the two groups was not significant,
indicating that the overall species composition and relative abundance of bacteria of early sleepers and late sleepers was
similar.

Figure 2 The influence of bedtime on skin barrier related parameters. (A) Hydration, (B) TEWL and (C) Sebum.
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Figure 3 Bacterial diversity and composition analysis.(A) Venn diagram on OTU level; (B) the Alpha diversity evaluated index:Sobs index; (C) Ace index; (D) Chao index;
(E) Shannon index; (F) Coverage index; (G) Species abundance on phylum level of S0, S1 (H) Species abundance on genus level of S0, S1; (I) Differences of species
abundance on genus level of S0, S1; S0: early bedtime group; S1: late bedtime group; difference test method: Wilcoxon rank-sum test, P< 0.05 means significant difference,
*P < 0.05, **P < 0.01.
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Differences in Taxonomic Profiles of Skin Bacteria Between the Two Sleep Groups
The bacterial composition of the two sleep groups was analyzed at different taxonomic levels. The major phyla were
similar between the two groups, and were mainly composed of Actinobacteria, Proteobacteria, Firmicutes and
Bacteroidetes, accounting for more than 97% of the bacterial community (Figure 3G). Although the relative abundance
of these major phyla did not appear to be different, the less abundant phyla, such as Cyanobacteria (P = 0.007),
Fusobacteria (P = 0.000), Patescibacteria (P = 0.004) and Deinococcus-Thermus (P = 0.010), significantly declined in
the late bedtime group.

Cutibacterium, Staphylococcus, Pseudomonas, Rhodococcus, norank_f_Neisseriaceae, Streptococcus and
Corynebacterium were the dominant bacterial genera in the two groups (Figure 3H). The comparison analysis between
group S0 and S1 showed that, among the 15 most abundant genera, the bacterial abundance of 8 genera significantly
varied (Figure 3I). More specifically, the relative abundance of Pseudomonas significantly elevated in the late bedtime
group (P = 0.004), but the abundance of norank_f_Neisseriaceae (P = 0.027), Streptococcus (P = 0.009),
Stenotrophomonas (P = 0.013), Acinetobacter (P = 0.029), Haemophilus (P = 0.015), Actinomyces (P = 0.028) and
Neisseria (P = 0.011) all decreased significantly.

Correlation Between Skin Bacteria and Physiological Parameters
The Spearman correlation between skin physiological parameters (sebum, hydration, TEWL, F4, R2, hemoglobin, melanin
and wrinkle) and the skin bacteria was analyzed and summarized into a Spearman correlation heatmap (Figure 4). The
relative abundance of Cutibacterium had significantly positive correlation with sebum content (r = 0.175, P = 0.013), skin
hemoglobin content (r = 0.282, P = 0.000), and significantly negative correlation with skin hydration (r = −0.143, P =
0.043) and F4 (r = −0.226, P = 0.001) (Figure 4). In addition, with statistical significance, the relative abundance of
Pseudomonas positively correlated with F4 (r = 0.417, P = 0.000) and R2 (r = 0.161, P = 0.023), and negatively correlated
with skin hemoglobin content (r = −0.262, P = 0.000), melanin content (r = −0.203, P = 0.003) and sebum level (r = −0.164,
P = 0.020) (Figure 4).

Figure 4 Spearman correlations between facial bacterial abundance and skin physiological parameters; only the top 20 genera in abundance were shown. *P < 0.05, **P <
0.01, ***P < 0.001.
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Moreover, both Streptococcus and Haemophilus had significantly positive correlation with skin hydration (r = 0.149,
P = 0.034, and r = 0.158, P = 0.025, respectively), but significantly negative correlation with TEWL (r = −0.163, P =
0.034, and r = −0.196, P = 0.005, respectively), sebum content (r = −0.231, P = 0.001, and r = −0.222, P = 0.002,
respectively) and hemoglobin content (r = −0.243, P = 0.000, and r = −0.246, P = 0.000, respectively) (Figure 4).
Furthermore, Neisseria was negatively correlated with physiological parameters such as sebum (r = −0.185, P = 0.009),
hemoglobin (r = −0.218, P = 0.002) and TEWL (r = −0.212, P = 0.003) (Figure 4).

It is worthy noticing that Norank_f_Neisseriaceae (r = 0.193, P = 0.006), Streptococcus (r = 0.149, P = 0.034),
Stenotrophomonas (r = 0.289, P = 0.000), Haemophilus (r = 0.158, P = 0.025), Actinomyces (r = 0.176, P = 0.012) and
Acinetobacter (r = 0.171, P = 0.015) were all significantly positively correlated with skin hydration (Figure 4). Indeed,
this was consistent with the fact that the skin hydration decreased significantly in the late bedtime group (Figure 1A),
while the abundance of these genera also significantly dropped (Figure 3I).

Discussion
In our investigation, the proportion of late sleepers was up to 55.25% in the female volunteers. Obviously, late bedtime
has developed into a new sleep habit. To date, current evidence has been focusing on the effects of insufficient sleep or
sleep deprivation on skin characteristics,11,13,27,28 yet little is known about whether bedtime has any impact on the skin
status, particularly on the skin microbiome. Thus, to the best of our knowledge, the current study is the first attempt to
investigate the effects of regular late bedtime on facial skin and skin bacterial microbiota in healthy women.

By measuring and comparing skin biophysical parameters, we first found that regular late bedtime would damage skin
barrier function and alter skin structure. In the late bedtime group, the physiological indicators of skin barrier property,
including skin hydration content, TEWL and sebum content, were significantly altered, which was also observed in many
other researches on the relationship between sleep conditions, such as poor sleep, short-term or long-term sleep
deprivation, and skin physiological characteristics.11–13,27,28 We argued that the underlying mechanism that caused this
impairment of the skin barrier was likely to be associated with circadian rhythms, which have been demonstrated
previously to regulate and affect skin function.29,30 It was reported that epidermal and hair follicle keratinocytes, dermal
fibroblasts and melanocytes present circadian oscillators, which affect cell migration and proliferation, wound healing
and susceptibility of the tissues to damage.31 Circadian rhythms were also shown to influence facial skin surface lipid
excretion content, TEWL and pH.32,33 In addition, recent studies have revealed that circadian rhythms would affect lipid
metabolism of the skin, produce different lipid products, and then in turn affect TEWL and pH of the skin,34 thus
affecting the barrier function of the skin and inducing skin problems such as acne.35–37

Circadian rhythms also influenced elastin and elastic fiber-associated proteins.30,38 Indeed, recent studies have also
linked the circadian clock to psoriasis, sensitive skin and atopic dermatitis.39–42 Moreover, it was reported that poor sleep
quality deregulated the immune system and impaired the integrity of collagen fibers,43,44 which might another reason for
the reduction of skin elasticity and firmness. Therefore, we speculated that the significant reduction of skin firmness and
elasticity in the late bedtime group was probably also linked with altered circadian rhythms caused by regular late
bedtime.

The diversity and abundance of skin microbiota vary with intrinsic factors, including ethnicity, gender, age and body
site,21,23,45–47 as well as external factors, such as climate, air quality, living environment and personal hygiene
habits.23,48–52 While previous studies have already demonstrated that sleep habit affects circadian rhythms, intestine
microbiota, brain and skin health,29,30,53,54 our results revealed that bedtime also affected the diversity and composition
of skin microorganisms.

Previous studies have revealed that when the skin is in a bad condition or even in the disease state, the diversity of
skin microbiota would change.21,55,56 Coincidentally, we observed that the OTU numbers of the late bedtime group
decreased, compared to the early bedtime group. Further analysis of α-diversity proved significant decrease in the
community richness and diversity of facial bacteria in the late bedtime group. However, there was no significant
difference between the two groups by ß-diversity analysis, indicating that the species composition of early sleepers
and late sleepers was similar. Similar results were observed in other similar studies. For example, the β-diversity of
sensitive skin and different skin types did not exhibit significant differences from healthy skin.26,57,58 Hence, we inferred
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that it could possibly take a remarkable change in the skin physiological status to shift the overall species composition
and relative abundance of bacteria, like psoriasis or other diseases.59,60

Our results indicated that late bedtime induced changes in the abundance of bacteria. There were some significant
differences in the phyla with low abundance, although the main bacteria remained the same. At the genus level, the most
abundant genera of facial skin microbiota were Cutibacterium and Staphylococcus in both groups, which was consistent
with previous reports.21,48,50 In addition, although it is worth mentioning that no statistically significant difference was
found in the abundance of Cutibacterium and Staphylococcus between early and late sleepers, it was still interesting to
see that the abundance of Cutibacterium increased when the abundance of Staphylococcus decreased in the late bedtime
group, and this led to the elevation of the ratio between Cutibacterium and Staphylococcus. It is believed that alteration
of the ratio between these two main genera of the facial microbiota would affect the skin homeostasis.59,61,62 Indeed,
Cutibacterium acne and Staphylococcus epidermidis, which are the main species on the facial skin, are also known as
sentinel bacteria.61 The relative abundance of Cutibacterium acne affects skin health and plays a crucial role in
maintaining skin homeostasis.63 Also, the abnormal variation in the abundance of Staphylococcus species
(S. epidermidis and S. aureus) has been suggested to cause atopic dermatitis (AD), sensitive skin, acne vulgaris and
dandruff.20,58,63–65 Therefore, we thought that regularly going to bed late would cause shifts in the major skin bacteria,
which is potentially detrimental to skin homeostasis and health.

We discovered that, in people who went to bed late regularly, the relative abundance of Pseudomonas increased
significantly, while with significant correlation, hemoglobin and melanin contents decreased in the late bedtime group.
Pseudomonas, belonging to the commensal bacteria on the skin, has been found to possess relatively high abundance in
the elderly, normal young adults and people living in high-altitude environment.47,66,67 Under normal circumstances,
Pseudomonas would not cause skin infection but instead could induce keratinocyte cells to produce antibacterial proteins,
but when the skin barrier was not integrity, it could aggravate the damage to the skin barrier.68 Therefore, it was our
speculation that elevated abundance of Pseudomonas at least partially contributed to the damage to skin barrier in late
sleepers, but how Pseudomonas and its metabolites affect skin physiology requires further research.

Meanwhile, our results revealed that the abundance of other commensal bacteria decreased significantly, including
norank_f_Neisseriaceae, Streptococcus, Stenotrophomonas, Acinetobacter, Haemophilus and Neisseria. As all of these
bacteria exhibited significant correlation with physiological parameters, we are inclined to believe that, when the skin
microenvironment changes, manifested as variations in skin hydration, sebum and pH value, the abundance of these
bacteria alters too; however, it is still unclear what is the direction of causality between these two events, if there was
one. Interestingly, Gihyeon Kim et al69 reported that Streptococcus had a relatively high abundance in young women and
found that Streptococcus-secreted spermidine contributed to the recovery of skin structure and barrier function. Together
with our findings, this implied that the deterioration of the skin barrier integrity was possibly correlated with
Streptococcus at least.

The survival of skin bacteria is inseparable from the external environment, which is determined by the skin
physiological state and is directly reflected by the physiological parameters. Indeed, the abundance of skin bacteria is
closely related to skin physiological parameters.47 We found that, in the late bedtime group, sebum content increased
significantly, while skin hydration level decreased significantly. Coincidentally, the relative abundance of Cutibacterium,
which was most likely Cutibacterium acne, a lipophilic species,61 also increased. On the contrary, the relative abundance
of Neisseria, Streptococcus, Stenotrophomonas, Haemophilus and Acinetobacter, which preferred humid environment,
decreased. Our results suggested that other bacteria with low relative abundance were affected by changes in high
abundance bacteria, such as Cutibacterium, Staphylococcus, and strongly linked to the variation of physiological
parameters like sebum and hydration level. Investigation into these relatively less abundant bacteria is also warranted,
as low or rare abundance bacteria have been proven to help in maintaining an overall microbial community structure.70,71

As we have known, skin flora is easily disturbed by a variety of environmental factors.23 Using pillowcase with
antibacterial textiles or filled with functional plant ingredients in pillow, which would have a certain impact on our facial
skin flora, but everyone’s skin flora is relatively stable over time.72 Human skin harbors a diverse milieu of commensals,
including bacteria, fungi, viruses and mites, which live together as an intricate ecological community. In this study, we
mainly focused on the impact of late bedtime on the cutaneous bacterial abundance and diversity, but did not extend our
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research to fungi and skin mites. It has proven that fungi, viruses and mites also have important implications for skin
health.56,73 For example, Malassezia species, and more recently Candida species, have been implicated in acne
pathology, causing well-documented cases of folliculitis.74–76 In addition, the Demodex mites, such as Demodex
folliculorum and Demodex brevis, are significantly increased in the skin of rosacea patients,77 causing sensitive skin,78

and the endosymbionts of Demodex Folliculorum like Bacillus Oleronius induced proinflammatory cytokine.77 Our study
revealed that late bedtime could lead to significantly elevated skin sebum, so we could speculate that the abundance of
lipophilic fungi and mites would also increase, which might affect the microbial homeostasis and further the function of
the skin. More studies are needed to reveal the effects of late bedtime on fungi and mites, and to get an insight into the
association between late bedtime and the skin microecology.

In conclusion, the results in this study demonstrated that regular late bedtime could damage the skin barrier and skin
structure, and also reduce the diversity and composition of facial bacterial microbiome. In particular, the effect of the
relative abundance of different species, such as Pseudomonas and Streptococcus, on the skin barrier and structure is worthy
of further investigation. Findings from this study suggest that bedtime is an important factor in maintaining skin health. We
think that the data on skin characteristics and microbiome obtained from this study are useful for the development of
personal care products and has furthered our knowledge on the relationship between microbiota and our skin.
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